In this paper, the hydrogeological features of Quaternary deposits in Shanghai as well as the characteristics of groundwater withdrawal and recharge in urban areas are investigated. One phreatic aquifer and five confined aquifers (AqI to AqV) are present in Shanghai, and these aquifers are separated by five aquitards. Groundwater withdrawal from confined aquifers has resulted in land subsidence in Shanghai. To control land subsidence, the groundwater withdrawal volume has been decreased, and the groundwater recharge volume has been increased since 1965. Correspondingly, the pressure head in confined aquifers has risen. The groundwater head increases in shallow aquifers may impact underground structures and lead to the following issues: i) an increased risk of water in-rushing hazards caused by confined water pressure during structural excavations and ii) an increased instability risk caused by groundwater buoyancy. Both excavation anti-uprush and underground structure anti-floating are discussed in this paper. Based on the risk possibilities, the anti-uprush of the excavation is divided into six regions, and the structural anti-floating is divided into five regions in urban areas. To avoid geohazards caused by the rise in groundwater head, real-time monitoring of the pressure head in AqII is recommended.
Introduction
Land subsidence is a geological phenomenon closely related with human beings. It causes many geologic hazards, e.g., destruction of urban infrastructures, tilting of buildings, variation of groundwater environment, and ground fissures. Besides natural factors, human activities are an important factor for land subsidence, including engineering construction and groundwater withdrawal. In China, land subsidence was first discovered in the 1920s in Shanghai and Tianjin, and it had become very serious in the 1960s in these two cities. In the 1970s, subsidence occurred in Yangtze River Delta Plain, Tianjin Plain and the eastern part of Hebei Plain. Since 1990, the groundwater withdrawal volume is increasing with the development of the economy, resulting in widespread land subsidence [1, 2] . According to incomplete statistics, there are nearly 100 cities in China whose ground subsidence is mainly the result of groundwater withdrawal, and 80% of these cities are distributed in eastern China. The Yangtze River Delta Plain is the most typical area of land subsidence in China, including Shanghai, Su-Xi-Chang area, and Hang-Jia-Hu plain. By the end of the 1990s, the area with accumulated subsidence of more than 200 mm had reached 1 × 10 4 km 2 [1] . Shanghai is one of the cities where significant land subsidence has occurred due to groundwater withdrawal.
Land subsidence caused by groundwater withdrawal has been paid great attention. For example, to control land subsidence, both limitations of groundwater withdrawal and artificial groundwater recharge have been implemented in Shanghai since the late 1960s [3] [4] [5] [6] . Figure 1 shows the accumulative subsidence from 1920 to 1996 in the urban area of Shanghai [7, 8] . As seen in the figure, the subsiding rate was fast before 1965 and became smoother after 1965. The exploitation of groundwater has been greatly reduced, and recharge has steadily increased since the mid-1990s, so that the land subsidence was effectively controlled. Aside from Shanghai, land subsidence in other cities, such as Su Zhou, Wu Xi, and Chang Zhou has also been controlled in recent years by controlling the exploitation of groundwater.
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The water heads of all confined aquifers increase with decreasing exploitation and increasing recharge, which effectively controls land subsidence [9] . However, increases in groundwater head in shallow aquifers impacts the safety of the underground space structures. When underground structures are constructed, the rise in water head increases the water pressure on the excavation bottom and pipes [10] [11] [12] [13] [14] . On the other hand, when the underground structures are in use, the buoyancy force increases with the rise in water head, and the stability of the structures will be affected. If the groundwater head exceeds the safe level, immeasurable geological disasters will occur to the entire underground structure [15, 16] . Therefore, it is necessary to study the potential impacts of increasing regional groundwater heads on the geological environment.
The objectives of this study were to: i) investigate the groundwater exploitation and recharge in Shanghai urban areas; ii) analyse the relationship between groundwater head and groundwater net withdrawal; and iii) discuss the potential impact of increased groundwater head on underground structures. 1920 1930 1940 1950 1960 1970 1980 1990 [6] ).
Case Study
Shanghai is located near the Yangtze River estuary. The central urban area refers to the area within the outer ring of Shanghai with an area of approximately 660 km 2 , as illustrated in Figure 2 . The Huangpu River divides the urban area into two parts: the Puxi area and the Pudong area. The Puxi area is west of the Huangpu River, and the Pudong area is east of the Huangpu River. The soft deposits in Shanghai were formed during the Quaternary Period and are 200-320 m thick. The water heads of all confined aquifers increase with decreasing exploitation and increasing recharge, which effectively controls land subsidence [9] . However, increases in groundwater head in shallow aquifers impacts the safety of the underground space structures. When underground structures are constructed, the rise in water head increases the water pressure on the excavation bottom and pipes [10] [11] [12] [13] [14] . On the other hand, when the underground structures are in use, the buoyancy force increases with the rise in water head, and the stability of the structures will be affected. If the groundwater head exceeds the safe level, immeasurable geological disasters will occur to the entire underground structure [15, 16] . Therefore, it is necessary to study the potential impacts of increasing regional groundwater heads on the geological environment.
The objectives of this study were to: i) investigate the groundwater exploitation and recharge in Shanghai urban areas; ii) analyse the relationship between groundwater head and groundwater net withdrawal; and iii) discuss the potential impact of increased groundwater head on underground structures.
Shanghai is located near the Yangtze River estuary. The central urban area refers to the area within the outer ring of Shanghai with an area of approximately 660 km 2 , as illustrated in Figure 2 . The Huangpu River divides the urban area into two parts: the Puxi area and the Pudong area. The Puxi area is west of the Huangpu River, and the Pudong area is east of the Huangpu River. The soft deposits in Shanghai were formed during the Quaternary Period and are 200-320 m thick. The Quaternary deposits in Shanghai mainly consist of sand and clay, which were formed during the Pleistocene and Holocene epochs [17] . The ground surface elevation is generally 2.2 to 4.8 m, and the thickness of the deposits is 200 m to 320 m [7] . The groundwater in Shanghai is part of the groundwater system of the Yangtze River delta, which is closely related to the neighbouring provinces. Figure 3 presents the geological formation in the urban area. As seen in the figure, the deposits are a multi-aquifer-aquitard system (MAAS), in which sand and clay alternately accumulated [1, 4, 9, 18] . The MAAS is composed of a phreatic aquifer group (Aq0) and five confined aquifers (AqI-AqV). There are five clayey aquitards (AdI-AdV) among the aquifers, and an aquitard exists between two aquifers. The Quaternary deposits in Shanghai mainly consist of sand and clay, which were formed during the Pleistocene and Holocene epochs [17] . The ground surface elevation is generally 2.2 to 4.8 m, and the thickness of the deposits is 200 m to 320 m [7] . The groundwater in Shanghai is part of the groundwater system of the Yangtze River delta, which is closely related to the neighbouring provinces. Figure 3 presents the geological formation in the urban area. As seen in the figure, the deposits are a multi-aquifer-aquitard system (MAAS), in which sand and clay alternately accumulated [1, 4, 9, 18] . The MAAS is composed of a phreatic aquifer group (Aq0) and five confined aquifers (AqI-AqV). There are five clayey aquitards (AdI-AdV) among the aquifers, and an aquitard exists between two aquifers. The Quaternary deposits in Shanghai mainly consist of sand and clay, which were formed during the Pleistocene and Holocene epochs [17] . The ground surface elevation is generally 2.2 to 4.8 m, and the thickness of the deposits is 200 m to 320 m [7] . The groundwater in Shanghai is part of the groundwater system of the Yangtze River delta, which is closely related to the neighbouring provinces. Figure 3 presents the geological formation in the urban area. As seen in the figure, the deposits are a multi-aquifer-aquitard system (MAAS), in which sand and clay alternately accumulated [1, 4, 9, 18] . The MAAS is composed of a phreatic aquifer group (Aq0) and five confined aquifers (AqI-AqV). There are five clayey aquitards (AdI-AdV) among the aquifers, and an aquitard exists between two aquifers. Figure 4 illustrates the hydrogeological distribution feature of the shallow aquifers in the urban area. Table 1 shows the hydrogeological parameters of each aquifer [7, 20] . The phreatic aquifer group is divided into two sub-layers. The upper part (referred to as Aq01) is widely distributed in an urban area, and the lower part (referred to as Aq02) is distributed in the southeast of the urban area. The groundwater head of Aq01 varies from 0.5 to 1.5 m below the ground surface, which is influenced by rainfall infiltration. The water head of Aq02 is 3 to 8 m below the surface with a thickness of 5 to 20 m. Aq02 is micro-confined. The specific discharge capacity (SDC) of Aq0 is 0.48 to 43.2 m 3 /day-metre.
AqI is discontinuously distributed in the north of the urban area with thicknesses of 5 to 37 m. Silt and silty sand are the main compositions. The elevation of the top AqI varies from −19 to −51 m. The aquifer has a poor water quality and low SDC. The SDC value is 36 to 48 m 3 /day-metre. The groundwater head in AqI is related to the construction of underground structures. The aquitard between Aq0 and AqI is AdI, and this aquitard is not continuous.
AqII mainly consists of fine sand, medium sand and gravel, which are widely distributed. The burial depth of the top of AqII ranges from 60 to 70 m. The thickness of AqII is 20 to 50 m. In some places, AqII connects with AqI and AqIII (see Figure 4 ). The groundwater head of AqII is influenced by groundwater withdrawal and artificial recharge. The SDC is high in this aquifer with a value of 240 to 720 m 3 /day-metre. The aquitard located between AqI and AqII is AdII. This aquitard disappears at the area of connection between AqI and AqII.
AqIII is widely distributed in the urban area with a thickness of 10 to 50 m. AqIII mainly comprises medium-coarse sand. The burial depth of the top of AqIII ranges from 100 to 110 m. The SDC value in this aquifer ranges from 240 to 480 m 3 /day-metre. AqIII has a poor hydraulic connection with AqIV. The aquitard between AqII and AqIII is AdIII and has a thickness of 0 to 7 m.
AqIV is widespread in the Shanghai urban area and has a thickness of 20 to 70 m. The deposits include fine sand, coarse sand and gravel. There is a layer of clay in AqIV. The burial depth of the top of AqIV is 160 to 170 m. The SDC value is 480 to 720 m 3 /day-metre. The aquitard between AqIII and AqIV is AdIV, which has a thickness of 15 to 35 m.
AqV is discontinuously distributed in the urban area and disappears to the southwest. The burial depth of the top of AqV is 250 to 260 m, with a thickness of 3 to 50 m. The maximum SDC value is 120 m 3 /day-metre. The aquitard between AqIV and AqV is AdV, which has a thickness of 20 to 40 m. Figure 4 illustrates the hydrogeological distribution feature of the shallow aquifers in the urban area. Table 1 shows the hydrogeological parameters of each aquifer [7, 20] . The phreatic aquifer group is divided into two sub-layers. The upper part (referred to as Aq01) is widely distributed in an urban area, and the lower part (referred to as Aq02) is distributed in the southeast of the urban area. The groundwater head of Aq01 varies from 0.5 to 1.5 m below the ground surface, which is influenced by rainfall infiltration. The water head of Aq02 is 3 to 8 m below the surface with a thickness of 5 to 20 m. Aq02 is micro-confined. The specific discharge capacity (SDC) of Aq0 is 0.48 to 43.2 m 3 /day-metre. AqI is discontinuously distributed in the north of the urban area with thicknesses of 5 to 37 m. Silt and silty sand are the main compositions. The elevation of the top AqI varies from −19 to −51 m. The aquifer has a poor water quality and low SDC. The SDC value is 36 to 48 m 3 /day-metre. The groundwater head in AqI is related to the construction of underground structures. The aquitard between Aq0 and AqI is AdI, and this aquitard is not continuous.
AqV is discontinuously distributed in the urban area and disappears to the southwest. The burial depth of the top of AqV is 250 to 260 m, with a thickness of 3 to 50 m. The maximum SDC value is 120 m 3 /day-metre. The aquitard between AqIV and AqV is AdV, which has a thickness of 20 to 40 m.
Methodology
When underground structures are constructed in the Quaternary deposits, deep pits are excavated. The high water head in a confined aquifer may affect the excavation bottom [21] [22] [23] [24] [25] . To avoid piping hazards caused by confined water, the groundwater in the confined aquifer should be lowered. When underground structures are in use, groundwater buoyancy affects the stability of the structures. Thus, both safe water head and groundwater buoyancy should be analysed.
Anti-Uprush Calculation
According to the related codes and standards of [26, 27] , the Earth pressure between the excavation bottom and the top of the confined aquifer should be greater than or equal to the confined water pressure times the safety factor (considered to be 1.1 in Shanghai). Figure 5 shows a diagram for the excavation anti-uprush. The excavation stability can be obtained as follows:
where P cz is the Earth pressure, P w is the confined water pressure, and F s is the safety factor. 
where H is the depth of the confined water above the confined aquifer and γw is the unit weight of the water. When the value of γw, γs, h is known and the ratio of Pcz and Pw is less than Fs, the safe groundwater head can be calculated using equations (1) and (2). 
Anti-Buoyancy Calculation
The buoyancy of the underground structure is related to many factors, such as groundwater type, groundwater head and insertion depth of the structure. In general, the structures may be installed in a phreatic aquifer, aquitard I or aquifer I in Shanghai. There are five computing patterns of buoyancy, which are categorized according to the aquifer type and insertion depth of the structure, as shown in Figure 6 . Figure 6 (a) presents an underground structure labelled Patten I. In this pattern, the structure penetrates into the phreatic aquifer. The groundwater buoyancy per unit area of structure base can be calculated by the following formula:
where Fw is the groundwater buoyancy and h01 is the phreatic water depth above the bottom of the underground structure. The Earth pressure, P cz , is given by:
where h is the depth between the excavation surface and the top of the confined aquifer and γ s is the unit weight of the soil. The confined water pressure, P w , can be calculated by the following expression:
where H is the depth of the confined water above the confined aquifer and γ w is the unit weight of the water. When the value of γ w, γ s , h is known and the ratio of P cz and P w is less than F s , the safe groundwater head can be calculated using Equations (1) and (2).
The buoyancy of the underground structure is related to many factors, such as groundwater type, groundwater head and insertion depth of the structure. In general, the structures may be installed in a phreatic aquifer, aquitard I or aquifer I in Shanghai. There are five computing patterns of buoyancy, which are categorized according to the aquifer type and insertion depth of the structure, as shown in Figure 6 . Figure 6 (b) illustrates an underground structure labelled Patten II. In this pattern, the structure penetrates into aquitard I. In addition to hydrostatic pressure, the groundwater buoyancy acts on the structure base due to groundwater seepage. Because the hydraulic conductivity of aquitard I is small, head loss occurs during the seepage process. The head loss is related to both the thickness of the aquitard and the confined head. For security, the phreatic head is taken as the anti-floating water head. The buoyancy can be obtained as follows:
where h0 is the phreatic water depth above aquitard I, and d is the insertion depth of the underground structure into the aquitard. Figure 6 (c) illustrates an underground structure of Patten III. In this pattern, the structure penetrates into the lower part of aquitard I. There is a confined aquifer below the aquitard. Owing to groundwater seepage, both phreatic water and confined water affect the underground structure. Figure 6a presents an underground structure labelled Patten I. In this pattern, the structure penetrates into the phreatic aquifer. The groundwater buoyancy per unit area of structure base can be calculated by the following formula:
where F w is the groundwater buoyancy and h 01 is the phreatic water depth above the bottom of the underground structure. Figure 6b illustrates an underground structure labelled Patten II. In this pattern, the structure penetrates into aquitard I. In addition to hydrostatic pressure, the groundwater buoyancy acts on the structure base due to groundwater seepage. Because the hydraulic conductivity of aquitard I is small, head loss occurs during the seepage process. The head loss is related to both the thickness of the aquitard and the confined head. For security, the phreatic head is taken as the anti-floating water head. The buoyancy can be obtained as follows:
where h 0 is the phreatic water depth above aquitard I, and d is the insertion depth of the underground structure into the aquitard. Figure 6c illustrates an underground structure of Patten III. In this pattern, the structure penetrates into the lower part of aquitard I. There is a confined aquifer below the aquitard. Owing to groundwater seepage, both phreatic water and confined water affect the underground structure. Both the phreatic head and confined head should be considered to compute the buoyancy. The buoyancy formula is expressed as follows:
where h I is the confined water depth above aquifer I, and b is the thickness of Aquifer I. For Patterns IV and V, the underground structure penetrates into the confined aquifer or the micro-confined aquifer, as shown in Figure 6d ,e. In these two patterns, only the confined water has a buoyancy effect on the structure base. Unlike Pattern IV, in Pattern V, the aquitard between the phreatic aquifer and the confined aquifer is absent, and the pressure head is the same as the phreatic head. The pressure head of the confined aquifer is the anti-floating head in Patten IV and Pattern V. The buoyancy can be calculated by the following formula:
where d I is the insertion depth of the underground structure into aquifer 02 or aquifer I.
Application of the Methodology on Real Case Study

Characteristics of Groundwater Withdrawal and Recharge
Groundwater withdrawal began in 1860, and groundwater recharge began in 1965 in Shanghai [28] The history of groundwater withdrawal can be divided into two stages: the developing period and the controlled period (1966-2015) [29] . Figure 7 shows the pumped and recharged volumes from 1961 to 2014 in urban areas. Before 1965, the groundwater withdrawal volume was large, with a maximum value of 176.14 million m 3 /yr in 1963. Since the land subsidence caused by groundwater withdrawal was serious, groundwater withdrawal volume decreased significantly and artificial recharged was taken during the 1965 to 1979 period. The groundwater withdrawal volume increased slowly during the 1980 to 1997 period due to the increased demand of groundwater for urban development. After 1998, the groundwater withdrawal volume decreased continuously to control land subsidence. In addition, groundwater withdrawal volume was smaller than the recharged volume after 2007. Figure 8 presents the well distribution during the 2012 to 2015 period in urban areas. The pumping wells were mainly located in AqIV, and there were no pumping wells in AqII. Only one pumping well was operated in AqIII and AqV (see Figure 8a ). Figure 9 gives the amount of groundwater pumped from each aquifer from 2012 to 2015 in urban areas. The average withdrawals from AqIII, AqIV and AqV were 1600 m 3 /yr, 600,000 m 3 /yr and 16,000 m 3 /yr, respectively. All the recharge wells were distributed west of the Huangpu River (Figure 8b ). Figure 10 shows the amounts of groundwater recharged in each aquifer. The recharge targets were AqII, AqIII and AqIV. The average recharge volumes of AqII, AqIII and AqIV were 2.3 million m 3 /yr, 3.0 million m 3 /yr and 1.9 million m 3 /yr, respectively. By comparing Figures 9 and 10 , the recharge volumes of aquifers were much larger than the withdrawal volumes except for AqV. For AqIII, the recharge volume was 1875 times the withdrawal (1921-1965) and the controlled period (1966-2015) [29] . Figure 7 shows the pumped and recharged volumes from 1961 to 2014 in urban areas. Before 1965, the groundwater withdrawal volume was large, with a maximum value of 176.14 million m 3 /yr in 1963. Since the land subsidence caused by groundwater withdrawal was serious, groundwater withdrawal volume decreased significantly and artificial recharged was taken during the 1965 to 1979 period. The groundwater withdrawal volume increased slowly during the 1980 to 1997 period due to the increased demand of groundwater for urban development. After 1998, the groundwater withdrawal volume decreased continuously to control land subsidence. In addition, groundwater withdrawal volume was smaller than the recharged volume after 2007. pumping well was operated in AqIII and AqV (see Figure 8 (a)). Figure 9 gives the amount of groundwater pumped from each aquifer from 2012 to 2015 in urban areas. The average withdrawals from AqIII, AqIV and AqV were 1600 m 3 /yr, 600,000 m 3 /yr and 16,000 m 3 /yr, respectively. All the recharge wells were distributed west of the Huangpu River (Figure 8(b) ). Figure 10 shows the amounts of groundwater recharged in each aquifer. The recharge targets were AqII, AqIII and AqIV. The average recharge volumes of AqII, AqIII and AqIV were 2.3 million m 3 /yr, 3.0 million m 3 /yr and 1.9 million m 3 /yr, respectively. By comparing Figures 9 and 10 , the recharge volumes of aquifers were much larger than the withdrawal volumes except for AqV. For AqIII, the recharge volume was 1875 times the withdrawal volume, while for AqIV, the value was 3.2. The average groundwater recharge reached 2.3 million m 3 /yr under conditions where no pumping wells were operated in AqII. and AqV. Compared with 2012, the groundwater head in 2016 increased in each aquifer. The groundwater head in AqI decreases gradually from north to south, and water head was relatively high near the areas where AqI is absent. The maximum water head was 2.0 m in both 2012 and 2016. While, the range of 2.0 m increased obviously in 2016. The lowest water head appeared at Pudong New District which is induced by engineering dewatering. The groundwater head in AqII varied from −3 to 0 m in 2012 and reached −2 m to 1 m in 2016. The lowest water head (−3 m) in 2012 nearly disappeared in 2016, and the highest water head appeared in the Baoshan District with a value of 1 m. For AqIII, the variations in the lowest and highest water heads were not obvious in urban areas. The water head in the northeast corner of the Pudong New District declined, and the water head increased in other places. Taking the northern areas as an example, the groundwater head had risen from −2 m to −1 m. The groundwater head in AqIV varied from −24 m to −6 m in 2012, and the value was from −20 m to −4 m in 2016. The groundwater head in the Puxi area increased greatly from 2012 to 2016 due to the recharge of AqIV, and the maximum value reached 6 m. Affected by the groundwater withdrawal, the water head variation in the Pudong area was less than that in the Puxi area. For AqV, although there was no recharge well in urban areas, the water head was rising. The highest water head increased from −12 m to −6 m, and the lowest water head increased from −26 m to −18 m. As seen in Figures 11(d) and (e), the lowest water head in AqIV and AqV occurred in the west of the urban area, which was influenced by groundwater withdrawal and recharge in the outskirts. Taking the northern areas as an example, the groundwater head had risen from −2 m to −1 m. The groundwater head in AqIV varied from −24 m to −6 m in 2012, and the value was from −20 m to −4 m in 2016. The groundwater head in the Puxi area increased greatly from 2012 to 2016 due to the recharge of AqIV, and the maximum value reached 6 m. Affected by the groundwater withdrawal, the water head variation in the Pudong area was less than that in the Puxi area. For AqV, although there was no recharge well in urban areas, the water head was rising. The highest water head increased from −12 m to −6 m, and the lowest water head increased from −26 m to −18 m. As seen in Figure 11d ,e, the lowest water head in AqIV and AqV occurred in the west of the urban area, which was influenced by groundwater withdrawal and recharge in the outskirts. Figure 12 shows the relationship between the groundwater head and net withdrawal volume (refers to NWV) in each aquifer during the 2012 to 2015 period. The locations of the observation wells are presented in Figure 8a . When the NWV value is a negative value, the recharged volume is greater than the pumped volume. The groundwater heads in AqII, AqIII and AqIV were inversely related to the NWV of the corresponding aquifer. Overall, with increasing net withdrawal volume, the groundwater head decreased. In addition, the groundwater heads in AqII and AqIII were not only affected by pumping and artificial recharge but also changed seasonally. Therefore, the water heads in AqII and AqIII were not completely opposite to the change trend in NWV. The NWV value in AqV was positive or zero, indicating that the pumped volume was greater or equal to the recharged volume. However, the water head in AqV increased continually with time, which was mainly influenced by groundwater recharge from the suburbs. heads in AqII and AqIII were not completely opposite to the change trend in NWV. The NWV value in AqV was positive or zero, indicating that the pumped volume was greater or equal to the recharged volume. However, the water head in AqV increased continually with time, which was mainly influenced by groundwater recharge from the suburbs. 
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Results and Discussion
Analysis of Base Hydraulic Stability
Piping hazard occurrences are closely related to the excavation depth and the top of the confined aquifer during excavation pit construction [30] [31] [32] . The groundwater in Aq02, AqI and AqII has a relationship with the excavation construction. The base stability in urban areas can be divided into six regions based on the distribution and the top of the confined aquifer, as shown in Figure 13 . The unit weight of soil is taken as 18.5 kN/m 3 , the unit weight of water is taken as 10 kN/m 3 , and the pressure head is the highest water head during the 2012 to 2015 period in each region. Then, the critical excavation depth (referred to as CED) is obtained based on equations (1), (2) and (3) in 
Results and Discussion
Analysis of Base Hydraulic Stability
Piping hazard occurrences are closely related to the excavation depth and the top of the confined aquifer during excavation pit construction [30] [31] [32] . The groundwater in Aq02, AqI and AqII has a relationship with the excavation construction. The base stability in urban areas can be divided into six regions based on the distribution and the top of the confined aquifer, as shown in Figure 13 . The unit weight of soil is taken as 18.5 kN/m 3 , the unit weight of water is taken as 10 kN/m 3 , and the pressure head is the highest water head during the 2012 to 2015 period in each region. Then, the critical excavation depth (referred to as CED) is obtained based on Equations (1)-(3) in Section 3.1, as illustrated in Table 2 . (1) Region I: Region I is located to the north of the urban area, where AqI is absent. The clay thickness in this region reaches 50.0 m, and the shallowest top elevation of AqII is −63.0 m. When deep excavation is conducted, the pressure head in AqII may have an impact on the bottom of the foundation pit. In this region, the highest pressure head in AqII is 0.45 m, and the CED value is 27.8 m.
(2) Region II: Region II is located to the northwest and northeast of the urban area. The buried depth of AqI is shallow, and the top elevation is −19 to −27 m. Confined water in both AqI and AqII may lead to piping hazards. The highest pressure head is 0.5 m in AqI and 0 m in AqII. Therefore, the CED value for AqI ranges from 9.2 m to 12.3 m, whereas that for AqII is from 26.9 to 29.4 m. (1) Region I: Region I is located to the north of the urban area, where AqI is absent. The clay thickness in this region reaches 50.0 m, and the shallowest top elevation of AqII is −63.0 m. When deep excavation is conducted, the pressure head in AqII may have an impact on the bottom of the foundation pit. In this region, the highest pressure head in AqII is 0.45 m, and the CED value is 27.8 m.
(2) Region II: Region II is located to the northwest and northeast of the urban area. The buried depth of AqI is shallow, and the top elevation is −19 to −27 m. Confined water in both AqI and AqII may lead to piping hazards. The highest pressure head is 0.5 m in AqI and 0 m in AqII. Therefore, the CED value for AqI ranges from 9.2 m to 12.3 m, whereas that for AqII is from 26.9 to 29.4 m.
( In practical engineering, the CED value should be checked based on the measured pressure head before excavation. When the excavation enters the confined aquifer (or micro-confined aquifer), the groundwater head in the confined aquifer should be lowered to 1 m below the excavation surface to ensure excavation pit safety. The pressure heads in AqII and AqIII increase with the increase in groundwater recharges of AqII and AqIII. The pressure head in AqI will also increase in the area where hydraulic collection between AqI and AqII is closed. Therefore, it is necessary to pay attention to variations in the groundwater head in the monitoring well. In addition, when the excavation bottom is close to the critical excavation depth of AqII, an observation well should be set up in AqII. The measured head in AqII aids in determining whether the pressure head in this aquifer needs to be lowered.
Anti-Floating Effect of the Underground Structure
In Shanghai, the designed anti-floating head is generally considered to be 0.5 m below the ground surface, and the safety factor of the anti-floating stability is taken as 1.05. Aiming at the designed anti-floating head, the structural anti-floating in the urban area is divided into 5 regions based on ground elevation, as shown in Figure 14 . When the groundwater head is higher than the designed anti-floating head, the underground structure may uplift. Table 3 tabulates the critical groundwater head in each region. Since the value of the critical groundwater head in region 1 is the minimum, region 1 is the most dangerous among all regions. When the underground structure is buried in phreatic aquifer or aquitard I, Equations (4)-(6) in Section 3.2 are applied to calculate the buoyancy. In addition, when the baseplate of the structure has entered into the confined aquifer or the micro-confined aquifer, the buoyancy is calculated by Equation (7). The groundwater buoyancy will have an impact on the underground structure because the burial depth of the phreatic or pressure head is greater than 0.5 m without considering the safety factor. any pumping wells to withdraw groundwater in AqII and AqIII, and only recharge wells are in operation. Part of the recharge water makes the water head of AqII and AqIII rise, and part of the recharge water flows into the adjacent aquifers. In recent years, the neighbouring areas of Shanghai, such as the cities of Suzhou, Wuxi and Jiaxing, have implemented measures to restrict groundwater exploitation [35] [36] [37] [38] . The rise in water head in the neighbouring areas will also reduce the groundwater volume that flows into the suburbs. Thus, it is very important to observe the variations in the groundwater head in AqII and AqIII to prevent the groundwater in AqI from increasing too much due to the leakage effect. 
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Ground 
Conclusions
This study investigates the amount of groundwater withdrawal and groundwater recharge in Shanghai. Potential effects caused by rise of pressure heads of aquifers are analysed. Based on the analysis of anti-uprush and anti-buoyancy, the following conclusions were obtained:
(1) The pressure heads of aquifers rise continuously in Shanghai urban area due to the limitation of groundwater withdrawal and increase of groundwater recharge. The maximum groundwater heads in AqI, AqII, AqIII, AqIV and AqV had reached 2.0, 0, 2.0, −6.0 and −12.0 m, respectively, in 2016. The groundwater head of AqI is closely related to the engineering construction. The variation in the water heads of AqII, AqIII and AqIV are the opposite to the net exploitation of 
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Region 1 In general, with groundwater decline in a confined aquifer, the groundwater in adjacent aquifers will flow into the confined aquifer. Similarly, when the groundwater head in a confined aquifer rises, the water head in the adjacent aquifers will increase due to the aquitard leakage effect between the two aquifers. The inflow volume has a relationship with the threshold hydraulic gradient of the aquitard [33, 34] . When the hydraulic gradient between the two aquifers is greater than the threshold gradient, groundwater flow occurs. In the Shanghai urban area, there are hardly any pumping wells to withdraw groundwater in AqII and AqIII, and only recharge wells are in operation. Part of the recharge water makes the water head of AqII and AqIII rise, and part of the recharge water flows into the adjacent aquifers. In recent years, the neighbouring areas of Shanghai, such as the cities of Suzhou, Wuxi and Jiaxing, have implemented measures to restrict groundwater exploitation [35] [36] [37] [38] . The rise in water head in the neighbouring areas will also reduce the groundwater volume that flows into the suburbs. Thus, it is very important to observe the variations in the groundwater head in AqII and AqIII to prevent the groundwater in AqI from increasing too much due to the leakage effect.
Conclusions
(1) The pressure heads of aquifers rise continuously in Shanghai urban area due to the limitation of groundwater withdrawal and increase of groundwater recharge. The maximum groundwater heads in AqI, AqII, AqIII, AqIV and AqV had reached 2.0, 0, 2.0, −6.0 and −12.0 m, respectively, in 2016. The groundwater head of AqI is closely related to the engineering construction. The variation in the water heads of AqII, AqIII and AqIV are the opposite to the net exploitation of the corresponding aquifer. The water level in AqV has little relation with the net exploitation of the aquifer, which is mainly affected by lateral recharge from suburbs and AqIV leakage recharge.
(2) The groundwater influence on underground structures is reflected by two aspects: i) pressure head water-in-rushing hazards on the excavation pit during construction of the structure and ii) groundwater buoyancy on underground structures during usage. The increase in groundwater head in AqI and AqII increases the risk of water-in-rushing and instability. Thus, two methods are applied to analyse the base stability of excavation and the buoyancy of groundwater. Moreover, five computing patterns of buoyancy are categorized. Selection of the computing patterns is based on the aquifer type and insertion depth of the structure.
(3) The excavation pit anti-uprush is divided into six regions in urban areas based on the burial depth of the confined aquifer. The critical excavation depth is obtained in each region on the basis of the highest groundwater head in Aq0, AqI and AqII. It is suggested to set monitoring wells in both AqI and AqII during deep excavation dewatering. When the excavation depth is close to the critical excavation depth of AqII, the groundwater head in AqII should be monitored in real time to prevent the occurrence of piping caused by the rise in groundwater head.
(4) The structural anti-floating in urban areas is divided into 5 regions based on ground elevation. The critical groundwater head in each region is obtained by anti-floating calculation. Region 1 has the lowest critical groundwater head among all regions, and it is also the most dangerous. When the pressure head is higher than the critical groundwater head, groundwater buoyancy will affect the underground structure.
(5) The critical excavation depth in different regions provides a basis for the safety of excavation. Whether the groundwater head in the confined aquifer should be lowered depends on the critical excavation depth of the region where the pit is located. Moreover, the proposed critical groundwater head of anti-floating is closely related to the safety of the underground structure, which provides guidance for the groundwater recharge. The quantity of water recharge should be reduced as the pressure head in AqII is larger than the critical groundwater head. Thus, the installation of observational wells is recommended to monitor the groundwater head in AqII to prevent underground structure instability risks caused by increases in groundwater head in AqII. 
